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Previous work has shown that insulin in nanomolar and picomolar concentrations stimulates chemotaxis and cell survival in Tetrahymena [6] . This suggests that these cells have insulinreceptor-related components, although no molecular evidence yet has been available to support this idea. To establish the presence and localization of insulin receptorrelated subunits in T. thermophila we initially examined the crossreactivity of commercial monoclonal and polyclonal antibodies raised against domains covering the carboxy-and aminoterminal regions of the PTK domain of human IRβ β subunit: hlRβ β pAb and hlRβ β-PTK mAb, respectively. These antibodies localize to the cilia on T. thermophila ( Figure 1A) , in many cases with intense fluorescence in the oral apparatus, which has a high density of cilia. In corresponding immunoblots against ciliary fractions, hlRβ β pAb cross-reacts with a 98 kDa axonemal protein, p98, and a 66 kDa ciliary membrane protein, p66 ( Figure 1B) , and p66 could also be immunoprecipitated with hIRβ β-PTK mAb ( Figure 1C ). These results suggest that p66 has PTK activity and sequence similarity to the IRβ β subunit. Indeed, we found that isolated Tetrahymena cilia have a high level of PTK activity in vitro compared with that of whole cells and much of that activity primarily resides in the ciliary membrane. Since activation of insulinreceptor-like proteins is specifically associated with the autophosphorylation of tyrosine residues in the PTK domain of the β β subunit, we tested whether ciliary proteins were phosphorylatable, using human recombinant insulin as a ligand. Immunofluorescence microscopy analysis showed that pre-treatment of cells in cultures with 50 nM human recombinant insulin increased the localization of phosphotyrosine antibody to cilia ( Figure 1D ). In isolated whole ciliary membranes, in vitro application of insulin showed that this localization was primarily to p66 ( Figure 1E ).
With degenerate primers based on the PTK region of insulin receptors with Tetrahymena codon usage and a PCR strategy, we were able to clone a ~66 kDa protein kinase, which we have termed T. thermophila protein tyrosine kinase 1, TtPTK1 ( We conducted a series of experiments to investigate the subcellular localization of TtPTK1 and to link TtPTK1 with p66. First, we synthesized a blocking peptide around the PKMR motif in the PTK subdomain XI of TtPTK1 (sequence 247-256) to compete with ciliary localization of hlRβ β pAb in T. thermophila. Pretreatment of hlRβ β pAb with this peptide inhibits hlRβ β pAb localization to isolated cilia in a concentration-dependent manner (Figure 3C,D) . Next, an antiserum made against the sequence around the PKMR motif (sequence 249-261) recognizes p66 in immunoblots with ciliary membrane proteins ( Figure 3E ). Although further confirmation is necessary, these results support the conclusions that TtPTK1 localizes to cilia and that TtPTK1 is p66.
Our observations suggest that cilia in Tetrahymena have signal transduction components resembling those of insulin receptor-like systems based on phosphotyrosine signaling. Our results agree with the notion that signaling through phosphorylation via PTKs is not a defining character of metazoan cells, as was previously proposed [13] , but is present in unicellular eukaryotes. Recently, a protein kinase homologous to mammalian receptor tyrosine kinases was characterized in the choanoflagellate M. brevicollis [14] . In the context of evolution of the cilium as a signaling system, features of which persist in multicellular eukaryotes, it is perhaps not unexpected that the emerging Tetrahymena PTK signaling system, like the serotonin or somatostatin receptor systems of neuronal primary cilia [15, 16] , and the polycystin-1−polycystin-2 system in kidney cilia [2, 3] , is associated with the ciliary membrane. 
